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Abstract—Wide band chirp spread spectrum (CSS) has been
studied in underwater acoustic (UWA) communications to guar-
antee low bit error rates with low transmission rates. On the
other hand, high speed transmission schemes for UWA, especially
Orthogonal-Frequency-Division-Multiplexing (OFDM) technol-
ogy, can reach Mbit/s data rates but at the expense of reliability.
In this paper, we propose a new transmission scheme based
on multiplexing information bits to (quasi-)orthogonal chirp
signals, called Quasi-Orthogonal Chirp Multiplexing (QOCM). It
can be easily implemented on reprogrammable hardware as an
extension to OFDM architectures. We evaluated the performance
of the proposed scheme with simulation and tank experiments.
Results show that QOCM scheme is able to achieve one order
of magnitude better performance than an OFDM scheme under
severe Doppler effect posed by simulation in long distance water
transmission. Moreover, we observe in water tank experiment
that the QOCM scheme is resilient against to the Doppler effects
induced by relative speeds up to 5 knots, which corresponds to
a Doppler shift of 214.16 Hz at a center frequency of 125 kHz.

Index Terms—Underwater acoustic communications, chirp
multiplexing, robust.

I. INTRODUCTION

Underwater acoustic channel is temporally and spatially
varying, which poses significant challenges on the underwa-
ter acoustic (UWA) communication systems, including lim-
ited bandwidth, multi-path, large attenuation, Doppler spread,
and propagation delay [1] [2]. To address these challenges,
researchers have been exploring different communication
schemes to achieve reliable yet high rate communications.
For example, chirp signals have been leveraged quite often
to achieve high reliability in UWA communications [3]-[5].
A chirp is a signal of which the frequency varies in time.
Wide band chirp signal with high processing gain (duration
bandwidth product) has proven to overcome multipath and
Doppler shifts even at low signal-to-noise ratio (SNR) con-
ditions [6]. However, consequently, wide band chirp signals
can usually achieve low data rates (up to few kbit/s) [3].
Different schemes that use wide band chirps are also proposed.
In [5], a chirp-based code-time-frequency spanning scheme is
proposed and tested, where they present bit-error rate (BER)
performances up to 1075 with 0 dB SNR. An M-ary chirp
spread signal (MCSS) schemes is presented in [4]. While these
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Fig. 1: An example of M = 4 chirp subcarriers with N =
8 samples per subcarrier and processing gain K = 2. The
figure shows the frequency changes of each subcarrier over
time index n. The information bits for this transmission are
0,1,1,0.

schemes offer promising results in terms of reliability, they can
only support data rates of few kbit/s.

On the other hand, to increase data rate and bandwidth effi-
ciency, Orthogonal-Frequency-Division-Multiplexing (OFDM)
technology has been widely adopted in UWA communications
[7]-[11]. In [8], an adaptive OFDM Modulation scheme is
proposed to reduce the frequency offset by adaptively adjusting
power allocation using the feedback from channel estimation.
[12] presents a reconfigurable underwater networking platform
that aims to support high data rate by leveraging OFDM based
modulation schemes. The former works are proved to achieve
data rates up to 1 Mbit /s, while they can generally reach BER
performances less than 107°.

Consequently, chirp multiplexing is the answer to achieve
both the goals. In radio frequency (RF) and optical domain, a
few approaches to chirp multiplexing have been presented at
much higher frequency bands. A multi-code ultra wide band
chirp modulation scheme is proposed in [13]. The transmitted
signal is designed as a summation of envelope shaped quasi-
orthogonal chirp signals, and the receiver decodes with a
series of match filters. In [14], Orthogonal Chirp Division
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Fig. 2: Schematic diagrams of QOCM. (a) transmitter; (b) receiver.

Multiplexing (OCDM) is put forward by performing Discrete
Fresnel Transform (DFnT) [15], which is equivalent to Dis-
crete Fourier Transform (DFT) with additional phase shifts in
both time and frequency domain. Both schemes apply (quasi-
)orthogonal chirp signals as subcarriers to overcome multipath.
However, match filters in [13] are hard to be implemented on
hardware. Also, OCDM requires precise channel compensa-
tion.

In this paper, we propose a novel modulation scheme based
on Quasi-Orthogonal Chirp Multiplexing (QOCM). We first
introduce the basic complex chirp signal. Then we extend the
basic chirp to two sets of mutually orthogonal chirp signals,
which are used as subcarriers for the transmission. We provide
the transmitter and receiver design and digital implementation
of QOCM. Simulation and tank experiment results show that
QOCM has high robustness and high data rate.

The rest of this paper is organized as follows. In Section
2, we present the architecture of the QCOM system. Then in
Section 3, we provide the digital implementation of QOCM
and compare it with OFDM systems. We present simulation
and experimental results conducted in a water tank in Section
4. Finally, we draw the main conclusions in Section 5.

II. SYSTEM MODEL

We propose a novel linear chirp based transmission scheme
that uses a frequency hopping pattern. A chirp signal is defined
as a frequency changing signal with a starting frequency fy
and a final frequency f;. The complex chirp waveform in each
time period 1" can be expresses as

c(t) = exp(j2n fot + jmut®) (1)

where j is the imaginary unit, and p = % is the

frequency sweeping rate. When p > 0, we call ¢(¢) an up-

chirp; when p < 0, we call ¢(¢) a down-chirp. The bandwidth
of ¢(t) can be expressed as B, = |f1 — fol-

The processing gain of a chirp signal is defined as its time-
bandwidth product. In wide band chirp spread spectrum (CSS),
chirp signals with higher processing gain are more resilient to
frequency offset [6]. Furthermore, up and down chirps with
the same duration and bandwidth, and higher processing gain

have smaller inner product, which provides the property of
quasi-orthogonality.

We first look into M orthogonal up chirp codes
{Yum(t)}(m = 0,1,--- ,M — 1) . For simplicity, we only
discuss orthogonal chirps with uniformly increased stating
frequencies and same sweeping rate . = Af/T. Thus, the
m-th chirp code is expressed as

Yo (t) = exp(j2rm Bt + jrpct?) (2)

where B, is the interval of the starting frequencies, . is
the sweeping rate. When B_.T is an integer, the inner product
of ¢y, m(t) and 1, ,(t) can be found as d(m — k), where
§(+) is the Kronecker delta function. It indicates that the up
chirp codes are mutually orthogonal. Correspondingly, We
have M orthogonal down chirps with the same absolute value
of sweeping rate as up chirps but negative. The down chirps
can be expressed as

Ya,m(t) = exp(j2m(m + 1) Bt — j7r,uct2) 3)

The reason for choosing the starting frequency as (m +
1)B. instead of mB, for the m-th down chirp is to avoid the
frequency overlapping between the (m — 1)-th up chirp and
the m-th down chirp. As a result, the spectrum efficiency and
the quasi-orthogonality of up and down chirps are improved.

All the up and down chirp signals form the subcarriers of
Quasi-Orthogonal Chirp Multiplexing (QOCM). For the M
binary symbols {z[0], z[1],...,2[M — 1]}, «[i{] = 0 or 1, we
multiplex Is to up chirps and O to down chirps. The 1s and
Os can be modulated as

M—1
1 . . 2
su(t) = i 7;:0 xy[mlexp(j2rmB.t + jruct<)  (4)
| M /
sat) = 77 mzo za[mlexp(j2m(m + 1)Bot — jrpct?) (5)
where x,[m] = x[m], x4[m] = 1 — z[m], meaning that

we send 1, ., (t) when x[m] = 1; we send 4, (t) when
x[m] = 0. Then we have the signal for transmission s(t) =
Su(t) + sq(t).

At the receiver side, synchronization is necessary for precise
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Fig. 3: Digital implementation of QOCM.(a) transmitter; (b) receiver.

decoding. We send a predefined m-sequence as a preamble.
The receiver will correlate the preamble and the received
signal. The position of the correlation peak indicates the start
time of the code.

By applying the (quasi-)orthogonality, the receiver decodes
the signal by correlating with each chirp code. To demodulate,
we calculate the inner product with each up and down chirp
code respectively.

T
xl,[m] = / s'(t)exp(—j2nmBet — jmuct?)dt  (6)
0

T
x;[m}:/o s'(t)exp(—j2m(m + 1)Bet + jmpt?)dt  (7)

where s'(t) is the received signal. We make hard decision
by comparing the amplitudes of z/,(m] and z/,[m]. When
|z, [m]| > |a}[m]|, we determine the m-th bit a’[m] = 1;
otherwise, we determine z’[m| = 0.

The schematic diagrams of QOCM transmitter and receiver
are shown in Figure 2.

III. DIGITAL IMPLEMENTATION

Here we propose an efficient and simple digital implemen-
tation of the transmitter and receiver of QOCM. Let T be the
sample time of the chirp signal. The signal occupies the band-
width from —B,/2 to Bs/2, where By = 1/T,. The number
of samples is N = T/T, and the continuous time variable
becomes discrete variable n = ¢/Ts,n =0,1,--+ , N —1. The
resolution in the frequency domain is Bs/N = 1/(NT5). For
simplicity, we assume that B, = L - (Bs/N) ,where L is an
integer. For each chirp signal, the processing gain K = Af-T.

A. Transmitter and Receiver Implementation

There is a difference between the continuous time signal and
discrete time signal in the sense of frequency band. Under the
same assumption that the bandwidth of the transmitted signal
is By, the continuous signal occupies the band from 0 to Bg.
The reason for the band shift is that the spectrum of discrete
time signal is a periodic extension of the corresponding
continuous time signal. When the frequency is over B,/2,
the spectra is shifted to the negative half. Fortunately, the
total bandwidth B, and the orthogonality remain the same.

Preamble
PN Guard

Interval

Sequence

Block Block o o 0 Block

Fig. 4: Structure of the transmission data packet

An example of N = 8 samples per chirp with L = 2 and
K = 2 is shown in Figure 1.
We first introduce up-sampled z,,[m] and z4[m] as

dall] = {m“[m] o (8)

0 otherwise

] ={  wam] l=Lm+1)m#M-1 (9
0 otherwise

Due to the limit of bandwidth, the number of codes M is
restricted to M < N/L. Thus (4) and (5) can be written as

N (1 l Kn?
suln) = 37 (N > @Mexp(.mN”)) exp(jr ) (10)
=0

= Kn2
saln] = i (N id[l]exp(ﬂw%)> - exp(—jm NZ )
(11)
Noticing that the first parts of (10) and (11) is the inverse
Discrete Fourier Transform (IDFT) of &,[l] and #4[l], the
transmitter can be implemented by taking IFFT if of Z,,[l] and
Z4[l] and multiplication with different phase shift respectively.
The phase shift for up chirp modulation is defined as
n2
w2
For down chirp modulation, the phase shift becomes ¢*[n].
We know that IDFT maps the data to a bunch of monotone
complex sinusoidal waves. The physical meaning of the phase
shift ¢[n] is to shape the sinusoidal signals to chirp signals
with the same bandwidth.
Similarly, at the receiver side, (6) and (7) in discrete time

¢[n] = exp(jm (12)



can be derived as

N = , - Kn? _In
i = X (oo i epzn ) a3
n=0
= Kn? !
UEDY (s'[n]expu?r]VZ)exp(jzw;)) (14)

n=0
That is, the received signal first multiplies with ¢*[n] or ¢[n]
in time domain. The chirp signals will be shifted “back” to
sinusoidal signals. After performing DFT, pulses will appear
at the starting frequencies of chirp. Finally, we need to
downsample the result by L respectively.

zy,[m] = &,[l],1 = Lm (15)
coy Jagll l=Lim+1),m#M -1
wqlm] = {:7:&[0] S )

The decision «’[m] is made by comparing the |z/,[m]| and
|z/;[m]|. Figure 3 presents the flow chart of QOCM digital
implementation.

B. Packetization

We setup the transmission data packet in a zero padding
(ZP)-OFDM style. To encode the information bits, we employ
IFFT and phase shift to map the bits to up or down chirps.
This forms a transmission block. Afterwards, guard intervals
are inserted between the blocks. Finally, a PN sequence is
added to the beginning of the signal as a preamble for the
receiver to perform the synchronization. The structure of the
packet is shown in Figure 4.

At the receiver side, we first correlate the received signal
with the predefined PN sequence for synchronization. This
is to determine the position of the blocks. Then we take the
inverse operation of multiplexing for each block, that is to
employ the phase shift and FFT for both up and down chirps.
Finally, we downsample the data and make the decision by
comparing the amplitude of the decoded signal.
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—+— OFDM with Doppler
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Fig. 5: BER performance versus SNR.

C. Comparison with OFDM

We compare QOCM system with OFDM system. QCDM
system generates a set of (quasi-)orthogonal chirp signals, like
IFFT in OFDM generates a set of orthogonal sinusoidal sig-
nals. QOCM can be regarded as a two-step process including
IFFT/FFT. It can be easily implemented on hardware with
OFDM system without significantly changing the design. In
fact, OFDM is a special case of the chirp that the processing
gain of each “chirp” is 0.

In QOCM, each information bit is mapped to either an up
chirp or a down chirp signal. In other words, one ’symbol’
(up or down chirp) represents one information bit. This is
similar to the BPSK modulation in OFDM. BPSK symbols
contain amplitude and phase information. We need to consider
the influence of the channel and perform the equalization
based on channel estimation [7] to precisely decode BPSK
symbols. However, for up and down chirp mapping, we make
the decision based on the relative amplitude only. No channel
estimation is required.

In fact, we can add amplitude and phase information to the
up and down chirp signals, like PSK or QAM, to further in-
crease the data rate. However, in this case, channel estimation
and compensation will be necessary to find the absolute values
of amplitude and phase rather than the relativity. This is left
for future work.

IV. PERFORMANCE EVALUATION

We present the performance evaluation of the proposed
QOCM scheme. To that end, first we compare the performance
of QOCM with different parameters against OFDM in terms
of bit-error rate (BER) performance in simulation and then we
provide quantitative proof for Doppler resilience of the QOCM
through tank test experiments.

A. BER vs SNR simulation

In the simulation, we used a bandwidth of B = 7.81 kHz
with a carrier frequency of fc = 50 kHz. For the channel, we
use the statistical channel model in [16] with acoustic noise
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Fig. 6: BER performance versus relative speed.



calculations [1]. In simulations, we considered one transmitter
and one receiver node that are 1 km apart from each other at
a depth of 20m, with total depth of 100 m. We also generated
Doppler effect by applying frequency drift on transmitter and
receiver at 200Hz and 50Hz respectively. We compare the
performance of the QOCM with 128 subcarriers and OFDM
with 256 subcarriers (half of them are used as pilots) using
BPSK scheme over the same bandwidth B. As a result, the
data rate of the two transmissions are 19.5 kbit/s with a
symbol duration of 6.55 ms. Figure 5 shows the BER as a
function of the received SNR. We observe that, in the presence
of a Doppler effect, the proposed QOCM offers better BER
performance compared to the OFDM. In the case where there
is no Doppler effect, the proposed QOCM performs better than
OFDM in lower SNRs (lower than 10 dB).

B. Doppler Effect.

We conducted a series of experiments in a water test tank
of dimensions 2.5 m x 2m X 1m, where we deployed two
software-defined underwater acoustic modems [9], [11]. We
evaluate the performance of QOCM with 64 subcarriers over
a bandwidth of B = 97.656 kHz and at a carrier frequency of
fc=125kHz in terms of BER under different Doppler con-
ditions. To realize that, we synthetically introduced Doppler
effect to the received signals, which corresponds to different
relative speeds. Figure 6 shows the BER as a function of the
relative speed. We observe that performance degradation is
limited for relative speeds up to 5 knots, which corresponds
to a Doppler shift of 214.16 Hz at a center frequency of
125kHz. This proves that the proposed communication scheme
is resilient against relatively severe Doppler effects.

V. CONCLUSION

In this paper, we proposed a novel transmission scheme
based on orthogonal chirp signals aiming at higher data
rate and lower error rate. First, we introduced two sets of
(quasi-)orthogonal chirp signals. Then we designed the QOCM
transmitter and receiver in continuous time, which takes ad-
vantage of the (quasi-)orthogonality of up and down chirp
signals. Moreover, we provided the digital implementation
of QOCM. It can be easily extended from existing OFDM
implementation. Finally, we presented a set of simulation and
experimental results showing QOCM is more resilient against
Doppler effect compared to OFDM.
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